Objective-Fibronectin (FN 
T he formation of a thrombus in an injured vessel wall is a complex process that involves multiple adhesion molecules and their respective receptors on the platelet surface. von Willebrand factor (vWF) and fibrinogen are considered the major ligands mediating platelet adhesion and aggregation. However, in an experimental model 73% of the injured vessels of mice lacking both fibrinogen and vWF still formed occlusive thrombi either at the site of injury or downstream, 1 suggesting that other major adhesive proteins, such as fibronectin (FN), might contribute to the process. Incorporation of FN into a growing thrombus was shown both in vitro 2 and in vivo. 3 Additionally, it was documented in vivo that the depletion or lower levels (50%) of plasma FN result in serious defects in arterial thrombosis. 3, 4 FN is a dimeric multidomain glycoprotein playing an important role in adhesion, migration, growth and differentiation of cells. 5, 6 FN generates protein diversity as a consequence of alternative processing of a single primary transcript at 3 sites: the Extra Domain B (EDB, EDII, or EIII-B), Extra Domain A (EDA, EDI, or EIII-A), and the Type III Homologies Connecting Segment (IIICS) ( Figure 1A ). [7] [8] [9] Two major forms of FN exist: soluble plasma FN (pFN), which lacks both the EDA and EDB domains ( Figure 1A) ; and cellular FN (cFN), which is deposited as insoluble fibrils in the extracellular matrix (ECM) and contains these domains at variable proportions.
FN is a ligand for many members of the integrin receptor family and binds to thrombosis-related proteins including heparin, collagen, and fibrin. 10 Platelets contain both EDA ϩ FN and EDA Ϫ FN, 11 suggesting that EDA ϩ FN may have some special role in thrombosis. Disease states such as atherosclerosis, pulmonary and acute vascular injury, diabetes, thrombocytopenic purpura, and ischemic stroke are accompanied by elevated plasma levels of EDA ϩ FN. [12] [13] [14] [15] [16] [17] In spite of this, the role of both the EDA ϩ FN present in plasma and that derived from platelets in platelet aggregation, thrombosis, and hemostasis remains unknown. To address the role of EDA ϩ FN in these processes, genetically engineered mice that constitutively include (EDA ϩ/ϩ ) or exclude (EDA Ϫ/Ϫ ) the EDA domain 18 were used. We used arterial and venous models of ferric chloride-induced endothelial injury, a perfusion chamber with escalating shear stress and a collagen-epinephrine induced model of pulmonary thromboembolism. We found that mice exclusively having the EDA ϩ FN isoform in plasma and platelets had increased thrombosis, revealing that this FN isoform has prothrombotic activity.
Materials and Methods

Animals
The generation of the mice devoid of regulated splicing at the EDA exon has been previously described 18 and is briefly detailed in the Supplemental Data I Section (available online at http:// atvb.ahajournals.org). The mice used for intravital microscopy were male and female young mice (approx 3 to 4 weeks old), weighing 14 to 18 g. Infused platelets were isolated from 4-to 6-month-old mice of the same genotype. Animals were bred and housed at the ICGEB and the CBR Institute for Biomedical Research. Experimental procedures were approved by the Animal Care and Use Committees of each institution.
Blood Sampling and Platelet Preparation
Blood sampling and platelet preparation were done as previously described 19 and is briefly detailed in the Supplemental Data I Section.
Platelet Aggregation Test
Platelet count was adjusted to the same concentration (3ϫ10 8 platelets/mL) with modified Tyrode's buffer containing 1 mmol/L CaCl 2 and maintained at 37°C. Aggregation was initiated by adding the following agonists: ADP, thrombin, collagen (Nycomed), and protease-activated receptor-4 (PAR4) to platelet rich plasma (PRP) or to washed platelets and was monitored by light transmission that was recorded over 20 minutes on a Chrono-Log 4-channel optical aggregation system.
Pulmonary Thromboembolism
Pulmonary thromboembolism was induced as described previously 20, 21 with slight modifications. Briefly, thromboembolism was induced by intravenous injection of a mixture of soluble-collagen and epinephrine (40 g [Nycomed] and 4.8 g [Sigma-Aldrich], respectively, per 30 g body weight) into the tail veins of mice. Mice were randomized and genotypes kept unknown until the end of the experiment. The animals were observed for 1 hour from the time of injection. The time to death was normally less than 3 minutes.
Flow Chamber
Platelet interaction with immobilized collagen under flow conditions was studied as previously described 22 and is briefly detailed in the Supplemental Data I Section.
Thrombus in Arterioles and Venules
A previously described model for arterial and venous thrombosis was used. 1, 23 Mice were anesthetized with 2.5% tribromoethanol (0.15 mL/10 g) and fluorescent platelets (2.5ϫ10 9 platelets/kg) were infused through the retro-orbital plexus of the eye. An incision was made through the abdominal wall and mesentery arterioles of approx 100 m in diameter, and mesentery veins of 200 to 300 m were studied. Whatman paper saturated with ferric chloride (10%) solution was applied topically for 5 minutes, which induced denudation of the endothelium, and the vessel was monitored and video-recorded for 40 minutes after injury or until occlusion.
Statistical Analysis
Results are reported as the meanϮSEM, unless otherwise noted. The statistical significance of the difference between means was assessed by the ANOVA followed by the Bonferroni test. A value of PϽ0.05 was considered statistically significant. Thromboembolism data were analyzed by the Fisher test.
Results
Constitutive Inclusion of EDA Domain in FN Results in Decreased Levels of FN in Platelets
Previously we have documented that constitutive inclusion of the EDA exon results in Ϸ70% to 80% decrease of FN in plasma of EDA ϩ/ϩ mice compared with EDA WT/WT ( Figure  1B) . 18, 24 Because most of the FN present in platelets is endocytosed from plasma, we hypothesized that the amount of total FN in platelets was also decreased. As expected, platelet-FN in the EDA ϩ/ϩ mice was Ϸ30% to 35% of the EDA WT/WT levels ( Figure 1C ). The FN levels in the platelets of the EDA Ϫ/Ϫ mice were similar to those of EDA WT/WT ( Figure  1C ). Western blot analysis using a monoclonal antibody specific for the EDA domain showed that EDA WT/WT platelets had roughly 20% of the amount found in the EDA ϩ/ϩ platelets (not shown). No significant differences among the genotypes were observed for vitronectin and fibrinogen in washed platelets (not shown).
Normal Platelet Aggregation, Whole Blood Clotting Time, and Bleeding Time
Because various pathological conditions are accompanied by elevated levels of EDA ϩ FN in plasma, we evaluated whether EDA ϩ FN will affect platelet aggregation. In vitro aggregation was initiated by adding agonists (ADP, thrombin, collagen, and PAR4) to platelet-rich plasma (PRP) or to washed platelets (no plasma), and it was monitored by light transmission. There were no significant differences in platelet aggregation of the EDA ϩ/ϩ or EDA Ϫ/Ϫ PRP compared with EDA WT/WT PRP, when triggered by different agonists at 2 different concentrations of the agonist (Supplemental Data II Section). Similarly to PRP, washed platelets from either genotype did not show any difference in platelet aggregation (data not shown). These results show that the presence of the EDA ϩ FN isoform in plasma or in platelet ␣-granules does not contribute to platelet aggregation at low shear in vitro.
pFN is an important component of fibrin clot. 5 However, reduction of FN (50% of WT levels) or deficiency of plasma FN does not affect clotting time and bleeding time in the mice. 3, 25 We evaluated whether the presence of EDA ϩ FN in plasma may affect hemostatic parameters such as whole blood clotting time, clot rate, and bleeding time. The onset and clotting rate of whole blood was similar in the EDA 
Pulmonary Thromboembolism
To explore the in vivo role of EDA ϩ FN in platelet aggregation, we used a well-established pulmonary thromboembolism model. 20, 21 A preliminary dose-response experiment was done using EDA WT/WT mice to select the minimal dose which gave reproducible 40% to 50% mortality (not shown). We found that the mortality rate in EDA ϩ/ϩ mice after collagen/ epinephrine infusion was almost twice that of EDA WT 
EDA ؉ FN Augments Thrombus Growth at Arterial Shear Rate in a Flow Chamber
Because the EDA ϩ/ϩ mice were more sensitive in the pulmonary thromboembolism model, we hypothesized that EDA ϩ FN might be prothrombotic, playing a special role in promoting thrombus growth. We performed in vitro flow chamber studies with whole blood from EDA WT/WT , EDA ϩ/ϩ , and EDA Ϫ/Ϫ mice at venous and arterial shear rates in a parallel plate chamber at 37°C over glass coverslips coated with fibrillar collagen type I (Figure 3) . To determine the size of thrombi, the surface area covered by the mepacrine-labeled fluorescent platelets was quantified. The mean Ϯ95% confidence intervals of 6 different optical fields in 3 separate experiments is plotted in Figure 3B . We found that EDA , EDA ϩ/ϩ , and EDA Ϫ/Ϫ , respectively; Figure 3 ). These studies suggest that the EDA ϩ FN plays a prominent role only at arterial shear rates.
Inclusion of EDA Domain in FN Accelerates Thrombus Formation
After finding that the EDA ϩ FN promotes thrombus growth in vitro we asked whether the presence of EDA ϩ FN in platelets and plasma would also accelerate thrombosis in vivo. We first evaluated whether EDA containing FN could enhance platelet adhesion at an early time point after ferric chloride-induced endothelial injury. The number of single platelets adhering within 2 to 3 minutes after injury was not significantly different in EDA ϩ/ϩ mice when compared with EDA WT/WT or EDA Using the ferric chloride injury model, it was previously documented that deficiency or lower levels (50%) of pFN result in serious arterial thrombosis defect. 3, 4 Strikingly, in spite of the decrease in pFN, using the same injury model we found that thrombi grew faster in the EDA ϩ/ϩ mice ( Figure  4A ). The thrombi Ն30 m in diameter were seen in the EDA ϩ/ϩ arteries at 6.6Ϯ0.2 minutes compared with 8.3Ϯ0.6 minutes in the EDA WT/WT mice (PϽ0.05, Figure 4B ). The mean vessel occlusion time was also shorter in EDA ϩ/ϩ mice compared with EDA WT/WT mice (9.9Ϯ0.4 minutes and 14.6Ϯ1.7 minutes for EDA ϩ/ϩ and EDA WT/WT mice, respectively; PϽ0.05, Figure 4C ). In the EDA Ϫ/Ϫ mice the mean time to form the first thrombus and occlusion of the artery was similar to EDA WT/WT mice ( Figure 4A through 4C). Mice from both sexes were used and there were no significant differences in the occlusion time between male and female mice (not shown).
These results show that EDA ϩ FN promotes platelet aggregation/cohesion in the growing thrombus under arterial shear rate.
Thrombogenesis in Veins
Previously it was documented that venous thrombosis is not affected by the deficiency or decrease in FN levels. 3 Because the EDA ϩ/ϩ mice had such a striking increase in arterial thrombogenesis, we were interested to determine whether EDA ϩ FN could also affect venous thrombosis. Similar to the artery injury model used above, endothelial damage was induced by ferric chloride. The mean time to form the first thrombus Ն30 m in diameter (EDA ϩ/ϩ ϭ9.5Ϯ0.5 minutes, EDA Ϫ/Ϫ ϭ9.2Ϯ0.6 minutes, EDA WT/WT ϭ9.7Ϯ0.6 minutes, Figure 5A ) and the mean occlusion time (EDA ϩ/ϩ ϭ17.6Ϯ1.6 minutes, EDA Ϫ/Ϫ ϭ17.3Ϯ1.3 minutes, EDA WT/WT ϭ18.2Ϯ1.4 minutes, Figure 5B) were similar in the EDA ϩ/ϩ when compared with EDA WT/WT or EDA Ϫ/Ϫ mice. Thus it appears that the presence of EDA ϩ FN in plasma does not stimulate venous thrombosis.
Discussion
Plasma fibronectin plays an important role in thrombus growth and stability under arterial shear conditions, as was demonstrated using pFN-deficient mice and heterozygous mice having one null FN allele (FN ϩ/Ϫ ). 3, 4 The absence of the EDA domain was previously shown not to affect thrombus formation in the ferric chloride injury model, 3 but nothing was known about the role of the EDA ϩ FN isoform in thrombosis and hemostasis. To study the role of EDA, we used mouse strains unable to undergo regulated splicing of the EDA exon. In this study we show physiological features of EDA ϩ FN in thrombosis, revealing a prothrombotic role. Despite decreased plasma and platelet FN levels in EDA ϩ/ϩ mice, the presence of EDA ϩ FN in whole blood produced larger thrombi in vitro using a flow chamber, accelerated thrombosis and stabilized thrombi in injured arterioles. Additionally, the EDA ϩ/ϩ mice were more sensitive to collagen-epinephrine induced pulmonary thromboembolism. The plasma contains particularly low levels of the EDA domain (cFN, 1.3 to 1.4 g/mL 12,13 ) but several pathological conditions are accompanied by 3-to 6-fold increase in the plasma levels of EDA ϩ FN, including diabetes (4.3 g/mL) 13 and acute stroke (7.3 g/mL). 12 Consequently, elevated EDA ϩ FN levels in plasma of patients should be considered a risk factor for thrombosis. EDA ϩ/ϩ mice used in the present work have higher plasma EDA ϩ FN concentration than that found in human pathological conditions (roughly 10 to 15 times more elevated). It will be interesting to determine the correlation between EDA ϩ FN levels in plasma and arterial thrombosis in patients affected by the disease states mentioned above.
During blood coagulation, Factor XIIIa mediates the crosslinking of pFN to fibrin, enhancing the stability of the clot. 26 Additionally, differential incorporation of pFN and cFN into clots has been reported. 27 Previous studies done in different mouse models documented that polymerization and gelation of fibrinogen was not affected by either a partial reduction in FN levels or depletion of pFN. 3, 25 However, nothing is known about the role played by EDA ϩ FN. In this study, we document that EDA ϩ FN in plasma and platelets does not affect hemostatic parameters such as clotting rate and clot retraction. Thus, the effects of EDA are likely linked to its interaction with platelet receptors.
At arterial shear, vWF and GPIb mediate the initial interaction of platelets with the subendothelium. FN available for interaction with platelets in vivo is pooled from different sources: FN from plasma, tissue FN released at the site of injury, and FN released from ␣-granules of platelets. FN present in EDA ϩ/ϩ mice is similar to cFN, as the EDB domain is almost absent in adult cFN. 28 -30 We observed no differences in platelet adhesion to the subendothelium in EDA ϩ/ϩ animals when compared with EDA WT/WT or EDA Ϫ/Ϫ mice suggesting that the EDA ϩ FN present in the subendothelium has a minor role in initial platelet adhesion. Similar results have been also obtained with FN ϩ/Ϫ mice and pFN null mice, which have decreased pFN levels, using the same ferric chloride injury model. 3, 4 There may be several possible explanations for the enhanced thrombus formation observed in the presence of EDA ϩ FN. The main integrin involved in thrombus formation is ␣IIb␤3, a receptor for adhesive proteins such as vWF, fibrinogen and pFN. Other integrins such as ␣v␤3 and ␣5␤1 are also capable of platelet adhesion. FN can bind to ␣IIb␤3, ␣v␤3, and ␣5␤1 through the Arg-Gly-Asp (RGD) sequence present in the FN type III-10 domain. The EDA domain is present between type III domains 11 and 12 and is a ligand for integrins ␣9␤1 and ␣4␤1, 31 but neither of those integrins is present on platelets. Mechanical stretching of FN or inclusion of the EDA domain are known to augment FN-FN adhesion and binding to integrins, its cell binding and spreading activity. 32, 33 We hypothesize that the enhanced function of the EDA ϩ FN isoform could be the consequence of a conformational change in the FN molecule caused by the inclusion of the EDA domain, leading to a more extended form of fibronectin displaying increased exposure or local unfolding of the type III-10 module, as suggested previously. 34, 35 Cryptic sites present in FN-type III domains 10 to 12 could be more exposed in the extended conformation when the EDA exon is included in the FN molecule, thus allowing a more efficient interaction with the platelet integrins. Another possibility could be the increased exposure of the 70 kDa N-terminal FN domain and subsequent binding to fibrin or to activated platelets facilitating the interaction with the ␣IIb␤3 integrin on the platelet surface as suggested previously. 2, 36 We showed that the presence of EDA ϩ FN in whole blood did not increase thrombus growth at venous shear rate using an in vitro flow chamber. This result is consistent with those obtained in experimental venous thrombosis, where we showed the presence of EDA ϩ FN in plasma and platelets influenced neither first thrombus formation nor mean occlusion time in veins, strongly suggesting that the presence of EDA ϩ FN in plasma plays a prominent role only at arterial shear. This result is similar to that observed in the FN heterozygous (FN ϩ/Ϫ ) mice where a concentration dependent role of FN was documented only at arterial shear. 3 We conclude that the presence of the EDA domain gives FN an important prothrombotic potential that is revealed at arterial shear rates. Thus the presence of the EDA ϩ FN may aggravate peripheral arterial disease, coronary artery disease, stroke, and other conditions in which thrombi may develop at arterial shear rates.
